NPS ARCHIVE 


1949 
GOOCH, F. 


_ cal ae a 


amomacaG YULGRIVS BS MRT 


QIS8ET A 


eh TTI ATACGANO ANT OT GUNTMEVe 
edt wn Sdasanttopet ed 20 Soomll! Lis fetdeag at 
te eoxged 
OULANMELOMA MUMLORTA TO muTwae 


= S. Naval Postgraduate Sehoo} 
Monterey, Califo 


v Baie 
~ i \ 7 ya ony, : oT. r (re a 


ie. . Berm y mY Pies g q re .. ed oo ; 
ae me e ovens Yee ’ oa; = TatT3 ao. “AT ste P py A - 
abe BYONOY TE Doscoinlien caren & | 


< 


eroar? a> A 


ep rae SBACLARO ger or oct 


stpew tt 70% at . Commit ft. 


> wera 
SIMs LO Eee: te Ate 


ee | 
a>- 
4 
~*~ 
_ 


% 


ee oe 


* a+ 
ae , ‘ 
Susu Te 


ip! 
\ i a 


= iy Va pales a7 ae fe 
oe @a my * e 4 3 
| aoe dencatiiny cil OW gute siesiet 69 a 
Bey —— eioAdagiteevat eidd tue gatyrime at anotd 


Ae : 


ar: molozet ed? of becsesqze cea e2 aoléaioons 


¢ 
dl 


vt ae etsd gaistbe at becias oe setts ae 


, 7 
— 


Ke = 


TABLE OF CONTENTS 


LIST OP TABLES we see see eoeeeee 
LIST OF ILLUSTRATIONS «se ssetvese se 


Ze IWPRODUCTIOCN we esteeeesve 
II, REVI2G CF PREVIOUS INVESTIGATIONS 
III, STATEEENT OF PROBDLENR «ese se 
IV, MATERING «2 cee seeesee 
Vo SXPERIMESTAL APPARATUS «6 & 6 wo # 
VI ZEAPORIMENTAL PROCEDURE «46 6 6 


| 
E 


7 MUMB eee ea ee 
WII, ABRALZSIS OF DATA es eseves 


oyrrr, SUMBARE sce esc esesenee 
TX, CONCLUSIO@SBS ec scsesnececesees 


oe FS: 9: 


iv 


. 


** 


— nee . #®@ @ 
* @¢e 2s 


* 
> 


BSS S696 6 SEE RE Ko oa 


* 


oe = & 4466 808 8806 


Page 


% 


» 


: uv oe” 


4 as 
7 i v ‘ » 
ee ee 


= 


Fa ee 
c a * 


® { 
« ie . , 
“ ta 
o , -— J ant 
i a 
5 
, 9 | 
a - & * 
— Po 
\ ce - 4 
(1,5 
A a 
a eee 


€ 
4 
at 
% 
« 
a 
> 


de 
Se 
&. 
Ve 
Be. 
oe 
—«-s«3Og Ss BEFictency of Recovery at Srosk Through es 6 
1s 
12, 
iS. 
14. 


LISt OF ILLUSTRATIGNS 
Pigure 
l, A Linecer BSncroachment System, efter Muskst « » 
@. Pluid Plow Diegpam «secs ee see eee 


3S. efflux eee vs Pore Volume Produced, 
{Horison Position) seseseveeebese 


Efflux 6 ition vs Pore Volume Produced, 
(Vertical Position) ** ee eo @e ®e * © @ Hee 


The Bffeat of Pressure on Displecement . « « « 
The Effect of Gravity on Displacement « « « « 
Rete ve Pore Yolumo Froduce€@ « e+ ee es se eee 
Rate vs Yore Volume Produced « se s+ ee es 6 
Efficiency of Recovery et One Pore Volume as a 
Panction of Viscosity fistio «+242 5 8 6 6 © 


Punction of Viscosity Eatio «seseeee ses 
A lgon to Leverett end Buckley Dete on 
Srficheney of Initial Phase of Produstion e-* 


Pore ¥ Produced et Complete Recovery va 
Viscosity Ratio «sseeeeseeeoveeeen 


Seal-log Plet of Pore Volumes Troduced et 


Complete Meoovery «+seee ee eee eves 


Viesosity Chart «ses eeeveseeveeee 


$6 6h &€ S Bees & BEE 


A STUDY OF THE BPPECT oF VISCOSITY RATIO ON THE 
DISPLACEMENT CP NISCIDLE PLOIDS Ie POROUS MEDIA 


CHAPTER I 
IGTROLCCTICN 


a @ithin recent years the increasing demand for petro= 
“News products end the realisation that the supply of new 

_ -—-s« Beurees of petroleum ia not inexhaustible have focused atten= 
ton on the fect that in sost of our of} production in the 
past, only about one thiré of the of] originally present in 

a the reservoir is recovered when the economle limit is reached, 


— . ee ee Oe a ee 
, stim ‘dio tn nud nang havtabhaieie salem a 
"find weys both to renove the restdusl of1 end to improve | 
methods of produetion so that © much greater per cent of the 

-- @AL de removed inittelly. 
Two wethods ave in common use today to remove the 
_ wesidusl ofl after prinery depletion, Both of these methods — 
ss Anwolve displacement of tho residual ofl by another fluid, 
Tm one method gas ené the other uethod weter ts used as the 
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displacing fluid, Although beth of these mcthods have been 
applied in the fielé for e number of years end such Leborstery 
ie. port nao teen done on the, eaasteens 0.900: Se | 
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CHAPTER It 
REVIEW OF PREVIGCCS INVESTICATIOgS 


The initial study of flow of liquids through sands 
Gates back to 1506 when li, dtarey (1)* performed bis experi- 


mente on the flow of water through sand, In 1090 King (2) 


moasurec the rete of flow of water anc eir through consolie 
dated und unconsolidated sands and published the reeulte. It 
wes not umtil 1900, when the ineressing demand for o11 ceunsed 
the 055. Surces of Hines to make « series of experiments on 
flow cherectoriaticsa of of1 and water, thet adéitionsl work 
wes dons on flow of fluids in a porous media, By 1950 the 
importance of Slot seasurenents to production of gas and e141 


Wag veelized end in the ensulng years the investigations of 


Cloud (3), Mutting (4), wyckoff, Dotset and Huskat (5), ond 
mony others added usterially to our imowledge of fluld flow 
fa porous media, | 

In the last ten to fifteen years most of the work 
hes been directed toward the development ond iaprovement of 
methods of predicting petroleuz reservolr performances As & 
result there have been numerous investigations made of the 
behavior of immiscible fluids in porous media, Leverett (¢), 


Wiumberg in perenthesis refer to references in the 
bibliography. 3 | 
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Vevorest aac Lewle (7), sad others heve contributed much te 

the Govelopment of the theory ond mechanics of the displace 

seat of ofl by water. Infomation conceraing the <lLepleses ¢ 
sent of ofl by ces wes woperted by goveral investigstors such 

as Reid and Guntington (6), Dotset (8), and Huckley and 

Leverett (10), The latter worked out « satisfactory picture 

of the neshanioe of the Clsplecenent of ok. by both water ond 

GES. : | 

However, thile the above work wns being carried out 

with imsiseible fluids, little work wes done on the mechanics 

‘ef displacesent of two miscible fluids. Serts (11) and 

Dacker (12) investigated the effects of epectfic gravity, 
— welookty ené pressure on the anount of mixing taking pleee 
-——s«s@uwwng the displacesent of one gas by another in unconsolie | 
ss Aeted send. They concluded that the anount of mixing was 
 tnversely proportional to the rete of flow end that it beens 
«Lesa es the pressure was ineressed up to e certein point for : 
ny given Linear velocity, Above this point en increese in * 
ss presaure caused an increase in the snout of mixing, Their 
 experinente eleo indiceted thet less mixing took place when 


eee feenter ore wen mate thn Ciephestng Binity 
ie Russel, Morgen end Susket (15) in studying the mobility =~ 
| Of interstitiel waters arrived st sone conclusions consorming = 

the displecesent of water by water in e consolidated sands BS 


Thoir resulte in ell ceases showed thet efter injecting into 
the core a volume of displacing water equal to one pore 
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CHAPTER Tir 
ne purpese af tofa Clecouree wee to study the ebove . 
provLes by Cis > Loe Lo @ RAREMEETCOR: PROBLEIPOLutLon Of one vise 
eoalty by another of e different viecositye. Of varying the 
This lem was 
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(2) Chenicel charecteristicos of the porous media 
(3) Viscosity of the fluids 

Bc (4) Speeifie gravity of fluids 

ae 5 - (&) Differentiel pressure or rate of displesenent — 
¥ Since the exporimens was undertaken primarily to 
 @btein isforaation of « fundamentel netare it wes thought 


-— Genatent, when it beeme evident during the course of this 
e “dnveatigation thet the foree of gravity was affecting the 
 geasLts due to the Gleplasenent talking place with the core tn 
- @ horisontel position, « series of similar drives were made 
"with the core in « vertice! position to determine the magni= 
tude of the gravity effect, 

| This investigetion was prompted by the fect that 
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CHAPSER IV 
BaTERTAaALs 


The synthetic core thet was useé in this work cone 
sisted ossentially of pure quert2 grains pertially consolidated 
by eilion, This core wos contained in « cylindrical Lucite 
‘ tube, 100 centimeters in length and 6,35 sentineters inside 
 @lencter, 

To make this core O11 Creek sand, obtained from an 
Suterop sear Galphur, Oklahoss, was sieved ané a fraction 
‘between 00 snc 140 sesh retained, hia send wes thoroughly 
ss eshed with hot seter then cleened by agitation in het hydro= 
 @hlerie weld, Pollowing thie it wae sein washed with eater 
(then agitated in e hot sodiue hydroxi¢e solution with o ftnel 
wash with water until the solution was show by Litme papar 
a. “te be noutrels The sand tes then pleced in en oven to be 
 @rted. After erying waa complete the sand was reaieved with — 
ET? ** 30h ance Rented apie: NS 

eat the Lueite tube wes Fitted with square end plate 
gut frou one inch sheet Lucite. A cireuler groove $/16 inch — 
= bop, 6058 contineteve inuiée diensten, and 1596 sensheneale 
outside Gleneter was machined in the fece of each block and- 
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a hole drilled and tapped for 3/6 inch threads in the center, 
Brase Slttings and valves were throeedéedé into these holes end 
@ 150 mosh screen placed over the hole, The four cormor of the 
two ond plates wore drilled to sacoasmedete tice rods, Hext « 
neoprene rubber casket was put into the groove of one end plate 
anc two tie rods vere placed in opposite corners, This plate 
was titted to one end of the Lucite tube, the two tie rods 
being secured st the other end in a wooden blank placed an the 
Lucite tube. Prior to putting om this biank a 2 inch extene 
Sion of the sane claneter tube was pleced on the ond of the 
3 Leng tube. The blenk left this end of the tube partially 
ss pen, ‘The tube was thon placed on a vibreting teble in a vor~ 
ss Bheal position with the end plete coun and « length of rubber 
‘hose run from the brass fitting to s lerge beakers 
ae with the valve et the lower ond closed Syton,# a cole 
ss Meddel suspension of sillea in water, was poured into the top 
oe. tube until there was approximetely 3 inches of Syton 
fm the tube, The clesned stud was plesed in « fume) stiteh 
was clanped chove the vertics! tube, This allowed the sand 


; wan used to get unifors pomesbility and porosity in the carey 
7a @hen the sand hed been deposited even with the top of 
7 the long tube, the vibrating teble was stopped, the the rode 


*Obteinable from the Monsanto Chemical Coe, Boston, 
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leosened anc the extension tube removed. The other end plate 
was put on and ell four tie rode pun through beth ead plates 
enc pulled tight, thus sealing both enés of the tubes With 
the core still in the vertical position the valve an the lower 
end was opened and the liquid ined cuts. Then dry ei was 
forced into the top and passed down through the send and cut 
the lower ond of the tube thus displacing spy remeining veter 
end drying out the send, After twonty-four hours of drying 
_ with sir, the botto: valve wes closed, « vecuum pump ettached 
+ . %@ the top of the tube and o vecuum pleced on the tubs for 
—s Swenty-four hours, At the end of this time epproxinately 
1000 cubic centineters of eleohol ("Synosol") was foreed inte 
ss pasaing Gry otr through it for e period of forty-eight hours 
 @aé then meinteining e vacuum on it for twenty-four hours. 
er The above procedure resulted in a pertially consolie 
core of essentislly pure silica, At this tine e series 


| Andieeted en average overall permeability of 344 darezes, wh. 
% ee the core it eas found that one end of the core had a 
“low permesbility compered to the other twe seotions. A plese 


be 
a 
7 


* 


wag found to be 3,02 dercies and none of the sections devieted 
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fairly uniforms core it was deemec setisfactory for the experi«e 
wents to be rum on its 

The porosity of the core wag cetermined next, The 
first method wes to measure pressure at two different velues 
and record the volume removed in golng from the higher to the 
lowsr pressure, Sy using the perfect ges law the porosity 
Wes calculated to be -5S7, The other method was by the use 
of wet end dry voichte, The fractional porosity im this case 
Wes calculated to be .507, This latter velue was used in #1) 
SGlculstions aince it was felt that the methoé used in calcu 
lating this velue wes far nore sccurates 

The suger solutione used in this work were mece with 
Gistilied water and commereial cane suger (suerces), The 
index of refraction of the cistilled water was checked before 
the adéiticn of the susress, then after sddition of sucrose 
the index of refraction was again taken and from this infore 
mation the per cent of suerose in the solution was calculated 
end thus the viscosity knowns 
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CUAPTER V 
GAPGRIBATTAL APPARATUS 


with the core partielly consolideted and its permes= 
Bility and porosity judged gufficlently homogencus for this 
EP. experinent, sdéitions) holes were érilled and tepped in the 
e tops of the ead pletes and brass fittings were installed, 
«WRB the come in the horlzontel position, « copper spigot was 
_— Emptalled et the outlet end, and « brass tes installed et the 
‘flet ond. eith Dress valves instslled on both aides of the 
y te @ means was provided for purging the flulé syaten before 
| At entered the core, Nenoneter leads were connected to the 
ghee: ea both end plates, 


} 


o up with a robber stopper thet had a hole in the center 
. bh which « copper tube extended into the bottle to a 
int near the bottom of the bottle. The tube end stopper 


fine copper wire. A bress tee wae connected to the tubing 
it entered the bottle and from one aide of this tee 

, tubing wae rum to e source of air, Air originally 

_ ‘under 190 pai pressure was first reduced by © pressure 


theoh 6 0h Vaseile saniens eonehe. wana eee 


helé in place by e metal fitting fastened te the bottle — 
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Pegulator to 40 pale It wee further reduced end reguleted by 
@ iullmatic Preseure Asguleter whieh allowed « fine accurste 
coutrel of the pressure over a renge of 2 pai to SO pale 

Pros the other side of the tee a lead was rum to a 
weeroury asmoncter, This seesured tue pressure existing at 
the en¢é of the copper tubing in the bottle, Therefore, differe 
ences in fluid level in the bottlsc et various tices during the 
Puns could not affect the pressures placed on the aystes end 
® constant preseure could be maintained, 

Since the level of the outlet of the copper tude in 


the bottle was adjusted to the sane Level ce that of the 


inlet to the core, with a fluid connection to this inlet, the 


Figure II showe the flow syste used tn this experi= | 
The components of this eystex are: | . 
(2) Bigh pressure regulator and reducer 
(3) Low pressure regulator end reducer 
(C) Mercury menoneters 

(D) Pyrex bottle flul¢ reservoir 

(B) Valve for purging fluid system 


(2) Screen type Cliter 


(7) Synthetic core Paes oie 
(9) Valve end spigot at outlet _ 
(1) oreduate ; 
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Por the runs sade in the vertical position essentially 
the sane set up was maintained end a correction was mede for 


the ¢ifference in height of the inlet to the core ewe ant. Ge 
o. point where the preseure wes meusured in the bottles 
a some stews 1810 tim Vaasa | flow ete 
consists on only of appl ying oir | pressure te the vottie (Dd wise 
G@msses the £ fluid in = the 1 bottle to flow ; through a filter to 
the intot of the core, thos yansing through the core to the 
outlet whore it is. couche and measured in the 500 cubis cone 
timeter araduate (Te ‘we a ! 

The apparatus used te meesare the pew cent of erent 
in the offlux atreea ves a Spencer Abbe-type Refreotoneter. 
Thies refractoucter is scoursts to the third decinel plese, 
Prom the kmowledge of the sxoust of eager in the efflux stream 
the per cent of originel fluid could be calculated, 
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CHAPTER VI 
EXPERIBERTAL PROCEDURE 


After completing the pertial conscelidation and ¢rying 
of the core, a series of permeability teste were run with air, 


Om the completion of the permeability tests porosity was 


obteined by two differest methods, When the permeability end 
porosity were deemed satisfactory the core wes seturated vith 


water end connected to « fluid system thet was under « oon- 


trolled presesurc, Thus the water in the core could be dige 
placed by enother fluid which in tern could be cispleced by — 


a @nother fluid, Luring these displecesents, rate and compoe 
- sition of the efflux atream were monsured, 


forneesbiiity Letemiostiong 
Upon running initial permesbility test 1¢ was found 


ea thet ono ond section of the core had o very low permeability 


compared to the other tro sections. Upon removing the end 


a Plate it could be seen that © small herd plug bad been formed 


im the center of the cores Thi plug appeared to extend inte 

the core for only « few ceotimetora, Using a diasond saw 

@pproxiaately 6 centineters was cut from the end of the core 

whieh was then squared by the use of fine emery cloth, This 
16 
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resulted in a core 05s7 contiseters in length, When percese- 
bilities were rum on this core it was found to have en overe 
ell permeability of 5,96 darcjes while the three segtions had 
permeabilities of SeGl, 4.01, and 3.82 cerejes, All of those 
permeabilities were cetersined in the usual manner using airs 
After the velues were determined they were plotted against 


the reciprocal of the mean pressure et which ther ware obtained 


and extrapolated to om infinite pressure to correct for the 
Miinkenburg effect. 


Joresity Deters izations 
Two methods were uted to deternine the poresity of 
the core, ‘The first sethod was to build up 6 pressure in the 
Sore, record this pressure, then lower the pressure by seter- 
ing out 2 imow: voluse of ely end again record the pressure, 
Applying the perfect ges law the volume of space the ges 
- @eeupled in the cove could be calculated, The total volume 


_«@E the tube and fittings can be detemsined fron their dimene 


‘@ions, thus the porosity determined, ‘The average value found 
by this sethod was .357, 

_ The second method used the difference in dry end vet 
weights of the core and wes desoribed In « previous seotion, 


wes thought to be more accurate than the one using alr, so it 
was usec in oll colouletions. 


The porosity by this method wae found to be 2807, This method 
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The solutions used in this experiment were trensperent, 
thus using the proper inetranent the tadex of refraction could 
easily be measure@,. ‘Since the per cent of suerose in an 
@quecus solution is directly releted to its index of refrace- 
tion os measurement of this value gould be converted easily to 
per cent of sucrose present, 

In this work the index of refrection of both the ort+ 
Ginsl fluid in the core ené of the displacing fluid were mes- 
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efflux could be oulculated, 
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When GOO co of fluié hed been clapleceé from the core 
the index of refrection of the efflux was sessureé and found 
to be 1.5510 at « temporsture of 25° Cy from the Hendbook of 
Cheuistey snd Physics the corrected per cent of suarose was 
Geterained to be 12.52 ondé the weight of sucrose in cress per 
_ iter 150, To get the fraction of the original fluid present 
! See etttumnt strom the fattening exhale Se vents 
Pract. of Orig, Fluid in Eff. @ gf 
| Substituting the ebove values cives: 
pe OF Seis Te Se ey Oe a 340 
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Digeussion gf Dapermmente) Leguits 
«Phe results obteined in this series of experiments 
are tabulated in Tables I through XII, These tables have been 
mplified by including only the pertinent date, In addition 
date contained index of refraction of the total a 
displaced end totel clepsed tine, which were not : 


#4 in this work, In Runs 1 through 3 the rete of Slow ues 

t recorded end in Mun 9 the soreen at the inlet end of the — 
re bocanc plugged ond thus the retes recorded during this 
| were of no benefit. g 
ss ALL puns were mode with the core ia « horigontel posi= 
except Sung number 6, 7%, 9, % ‘The core was pleced in a 
$61 position for these runs. When a heavy fluid was dise — 
aced by 2 lighter fluid, the lighter fluid was introduced et 
we upper end of the cores if a light fluid was being displaced 
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by o heavier fluid it was introduced st the lower and of the 
core. Tims it was felt that the reeulte of these drives were 
free from all effects of gravity. 

Pigures iif and IV illustrete graphically the results 
of eight runs carried out st various viscosity ratios, Vise 
_ +seeity ratio as used in thie paper will be the viscosity of 
the Gieplecing fluid éivided by the viscosity of the original 
i unless otherwise soted, 
Migure III presents the regulte of the horizontal runs 
fs Werlous viscosity ratios, “hen the viscosity ratio is 
as shown by the plot for a viscosity ratio of 1/0.2 the 
fluié tbreske through before half 6 pore volume has 
wen produced, Following thie break through there 1a « fairly 
matest decrease in the exount of original fluid in the | 
< until approximately .8 of « yore volume ts produced, ae 
ys this point to « produstion of 1.6 pore volumes there me: 
jars to be unsteble produging conditions as evidenead by ; 
@ scattered points on the plot, The curve then tends to a8 
vol off with very slight decrease in the enount of origingh = 
id in the efflux, This appesrs to form a pletesn on the 
» It ip possible thet this could be caused by gravity 
sines there was definite evidence of this shen 
@ progresa of the flood front was followed visually os it 
ye slong the core, The heavier fluid eppeered to channel 
the bottom of the core. When the core was rotateé to 
the possibility thet the permeability was croater olong 
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one side of the tube, the channeling effect was still slong 
the bottom indicating that it could be caused by cravity. 
Referring again to Figure III. when the viscosity retio 
approscheé unity or larger, an illustrated by the plot for a 
ratio of 1/lseld, the displacing fluid does not break through 
until over .0 of a pore volume is produced, The saount of 
| @Piginel fluid in the efflux drops off repidly with no eppare 
ant plateau in the curve, This should follow if the plateau | 
| Ae due to gravity segregation, 7 
oo Similar runs were made with the core in « vertices a 
“position and the results plotted in Pigure IV, Prom thie it | 
5 be goon thet the fraction of original fluid produced at | 
esk through ts essentislly the seme os in the horizontal — 
wma ond thus is not appreciably effected by gravity. There — 
@ no indication of a plateas with « viscosity ratio es low 
1/4085 whieh dears out the supposition that this leveling 
+ im the cases illustreted in Pigure III, was couned by 
ity segregation. 
Prom Pigures III end IV it would eppear thet the 
of Gisplecenent involving two mlecible fluids is 
r to that of two immisolble liquids as deseribed by 
Ley and Leverett (10), ebenpunumapevecty jour" 
of the @isplecing flute and is @ piston Like diee 
In the subordinete phsse, whieh follows the break = 
the original fluid io produced by « Gragging actions 
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This phase differs in the case of migeible fluids only im 
thet 100 yer cent of the original fluid cen be preduceéd which 
de not possible with immiscible Pluldse 

As a check on tue ecoursey of the plots and on the 
Completeness of recovery of the original fluid from the core 
the area under esch curve was monsured, ith 106 per cent 
recovery of the original flaid the area under each curve 

_ ghowlc be 100 unite, Im ell cases the error wes never sore 

than 2 per cents 

The cause of the perlod of wustable production is 

not mom, though 1¢ would seem possible that it could be dus 

| te streaks of variable permeability which would allow by= 

seeing of smell arecs, Abt o later time the original fluid 
these evens "ould reseh the outlet ond of the core and 
tnereese the amount of original fluid in the 


end for the other run wes 700 mm, mercury, The 


da to cause a brosk through to occur eeriier end to require 
epee wees Wetere eames Seen ee 
uid takes pleee. 

no study the possible effects of gravity segregation, 
wore made with the core beth in the horizontal end 


plotted in Pigure V show that on inoresse in pressure 
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vertical position. ‘Two runs with « viscosity ratio of 1/488 
were plotted in Figure VI, Prom this plot it can be seen 
that im the horisontel rum where £0 is possible for gravity 
sogregation to take pleee the curve is not ag siaple or smooth 
as the curve for the vertical mum. However, the vertical run 
eoes breek through earlier than the horisontel run, but the 
platesu shows up in the horisontel run thus requiring more 
~—s-« pere volumes thpougheput before complete claplacement takes 
-Pheees 


| Though it 1s not included herein, 6 simtlar plot for 

“ @ viscosity ratio of 1/244 shows siniler devictions between 

the two curves. 

7 According to Husket (15) the effect of viscosity ratio 

the rate of flow of the efflux can be cxleulated by | | 
gtion (1), If the original fluid is being displaced by ; 

9 of lower viscosity the overall resistance of the system P 

tll be lowered ond the rate of efflux inereesed, If the . 

1 fluid is displeced by one of higher viscosity the a 


Prom Pigure VII it is noted thet there is an appre= ae 


ble increase in efflux rate as soon ea injection of the = 

@ tends to graduelly drop off until the point ia reached = 
ere the Cisplecing fluid brecks through ‘Then there isa 8 
) Inerense in efflux rate with an immediate tepering off 
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of the rate till the point ts reeched where the original fiuid 
ts completely <ispleesd and the efflux rate ia constant. 

This behavior is similer to the qualitetive deserip- 
tion civen concerning the netare of the effects of the vise 
eoaity difference between encrosching and displaced liquids 
fe the case of dir@’t Crive by Musket (15), ‘This should 
_ fellow since the injection of the displecing fluid into a 
‘. opening iyi one end of « long oylindricel core and pro | 
; from @ suell opening in the other end would in many | 
epproximate the physical conditions of » direct érive | 
two wells. I 
c The sane pattern le shown vy Pigure VIII exeept in 

ig ease the original fluid is being displaced by one of 
er viscosity, thus there is « decrease in efflux rates in 

of en ineresse, The curve for 6 viasosity retio of 
wes affected by @ plugging of the screen ot the iniet 

the core during the rum, “ovever, it was included 
‘ie Mlustretes the qualitative Geseription given by 


Zo indlente © measure of the officteney of the various ~ 
as © function of the viscosity ratio, Pigures IX X%y 
I were constructed, Pigune 35 siiaptestes tne Achebe: . 
recovery when one pore volune of fluid hes been displeced — 
the cores Pron this 48 cia bo coun hab eo the viscosity 
joa becouse saaller then «2 the per cent of originsl fluids 
when one pore volume hes been progused, falls off * 
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rapidly. With the viscosity retic unity or lerger there is 
very little increese in the por cent of original fluid cise 
placed. Thus it cen be seen that es long as the visoosity 
patio is .S or creater 90 per cent or more of the original 
field will be Gleplseed when one pore volume has been produced, 
| As another meesure of the officienesy of Cisplacenent, 
the pore volume produced when the dleplecing fluid breaks 
through wes plotted against the logariths of the viscosity 
patio in Pigure X, This plot eppears to give e straight line 
up to « viscosity ratic of .¢ with « break from this point te 
“ g Viscosity ratio of approximately «8, At this point there 
s & return to Linesrity but st a new slope. Unfortunately 
wore not made with viscosity ratios in the region of 
| from lineerity so thet information on this region 
phest It would seem, es indicsted by Mgure IX, whom 
eo viocosity ratio ia 4S or cronter that the recovery offi« | 
yoy would be very highs } 
- igure ZI shows « plot of pore volunes of orlgingl 

4 produged during the initial phese versus viscosity 
tio, whore the viscosity ratio ts equal to the viscosity of © 
4g: fluid divided by the viscosity of the cisplecing 
Por comparison date given by Buckley and Leverett (10), 
per. the effoct of ofl viscosity an the effletency of 
initiel phese of a water flood in a typleal send, is also 
Yeted in the sase figure. 
the shape of the two curves in the above plot is 
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einilary however, the effect of viscosity retio is greater in 
the cease of miscible fluids, This might be expleined by the 


fect thet in the case of immlacible fluids all of the original 


fluid is not active and is not moved et any time curing the 
_ +Glaplecenent; thus limiting the range of the fraction of 
@Piginal fluid that could be Cisplseed during the initial 


4 pheae. 


Pigures XII end XIII give the number of pore volumes 
before complete recovery of the originel fluid is 
Plgure XII indicates that the aumber of pore 
‘vol required for complete recovery, for a viscosity ratio 
@f s8 oF greater, vould be slightly larger then cue, The 
number of pore volumes required es the viscosity ratio gots | 
ar does not decresse repidly until « viscosity ratio of . 
|} is reecheé, Prom here the increase ts very crest even 
h only slight reductions in viscosity ratios | 
2 The cane date plotted on log paper gives « stontcht: 
ne with viscosity ratios of .@ or lower, 

| hahienling 8b the sitbdiny “nn tale aan 

ty of Interstitial wetere”” (15), where date is conteined 
the Gisplacesent fron s sandstone core of radio active water 
ecing Sluid wreeks through when between .6 end .9 of @ 
‘volume hee been produced, 60 to 00 per cent of the ort 
of the original fluid cccurs, 
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The date obtained duping the preaent series of experie 
ments, for o viscosity ratio comparable to that used in arrive 
Sug at the results dceseribed above, cose not check the sbove 
@onclusions, This data indiceter thet over 00 per cent of 
the original fluid is produced before the displecing fluid 
breexs throusgh, approximately 05 per cent of the original 
flmid ia displaced whes one pore volume has been prodused, 

_ @ad less then 1.2 pore volumes ere required for cumplete 
 -pecovery of the original fluid, ; 

Thus even greater nobility of the interstitiel water 
fw Indicated then was show in the previous experiment. This 
wid bo due to the higher perwenbility thet undoubtedly 

in this experiment but it would not sean thet this 
would account for thia difference. 

It woulé eppear that the shape of the displecenent 
Pigures III end IV could be useful in studying the 
of displecenent, Squation 2 indicates that the 
of the displecenent curves wight be an indication of 


However, work Gone by Fowler and Grown (16) displac= 
one fluid by enother in a plpe line indicates thet the 
ye of the displecenent curves is result of the pepebolie 
«se would seen possible thet the shape of the disples= 
at curves could be effected by both of the above factors, 


The use of a refractometer to mossure index of 
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refraction whieh in turn is converted to por cent of sucrose 

in enh aQuecus solution Limite the eccuracy of the results te 

the eccureacy of the instrument used, In this work a Spencer 

Abbe~type Refrectcnecteor wes used, The scales on it could be 

pead cirectly to the third decimal plece and the fourth esti« 

mated with an sccuracy of 9.0002, This gave an acourscy of 
0.8 per cent in ceesuring the per cent of sucrose in solutions 

fhe accuracy of the refractometer wes checked before — 

@ny runs were aade by use of tho gless test slab incluéed with 

the inetrusent for which the index of refrection was loti, 

= Index cf refraction end viscosity of the solutions ars 

| both atteoted vy coences t= tenpersturs, Since the temperature 

Beldos: changed acre then a degree during ao series of measure~ 

monte it wes felt thet eny teuporsture effects were within the 

tel error. Uo appreciable effects on the date wore 

ed that could be ettributed toe changes in temperatures 

& emell orror was certsinly introduced in the measure- 

st of pressure differentials with a Liquid wmouetor and 

lunes displaced with « graducted bylinder sinee there is 

pe humen error in reeding fluid levels, These readings are 

to be well within the renge of experimentel error. 

‘gufficlently scourste for the eamputations necessary in 

io work. The degree of socuracy of these readings is indi» 

ed by graphical integration of the areas under the curves 

wi in Pigures III ond IV, The wejority of these sresa wore 
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CHAPTER VIII 
SUEMARY 
A study wee mede of the displacement of one miscible 
fluid by smother from oa pertially consolidated synthetic 
‘sandstone core. This core wes composed of 80 to 140 mesh O11 
greek stltoe sane end cot tote silica. The porcsity of the 
*- oor wes 50.7 por cent and the clr permesbility was 5.08 
ar This core 6,35 centinctera in cliescter end 03.7 cen- 
seters in losgth wes cusecbled with pressure taps in seek 
end plate to pernit detersination of pressure drop ecross the 
re. The core wes esturated with a fluid of knowm viscosity, 
on this fluid was ¢tspleced by suother miscible fluid of 
viscosity. The rate of efflux, total easount of 
utd produced, and dete to calculate the per cent of original 
44 im the offlux was sessured end recorded at rogular 


The solutions used in these experiments were made by 
ing various emounte of cane suger (sucrose) in cise 
Led water, ‘The amount of sucrose in solution deterained — 
@ viscosity of the fluid, Pour solutions wore used plus 
weter to get a range of viscosity ratios. The four 
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Solutions contained dely B40, Sieol, and 45,03 por cont of 
sucrose by eelght. 

Since information of « ‘umdéementel nature was sought 
fee Contes to sy Se ee 
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CHAPTER ix 


CONCLUSIGES 


4 le The mechanics of the displacement of one miscible 
flu by enother is elailer to the mechanics of displeeenent 
wh the two fluids are imeiscible, ‘The displecenent cam 
bi Givided into two phesos, the initial phase where there 4s 
@ piston like displecenont and the subordinate phase where the 
is Gispleced by e Gragging actions | 
&, When the viscosity retio ie onaller than unity the 
sabe will increase, if the viscosity ratio ie lerger than 
ie 3. Increasing pressure differential end asinteatning 
yo Gawe Viscosity ratio causes the bresk through of the dis~ 
acing fluid to occur earlier and requires more pore volumes 
ein complete dlaplacesant of the original fluid. 
aa: Me lf epevity segregetion ts present more pore volumes 
be required to obtein complete recovery. , , 
a S. Bfficlent displacement in the initial phase is 
with viscosity ration of .5 or greater, More then 
cent of the original fluid is recovered when one pore 
has been produced, 
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Ge For the most efficient complete recovery of ori- 


ginal fluid the viscosity ratio should be 08 or greater, 
%_ Viscosity ration of .2 and lower de not produse 
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